We report on the advanced optical characterizations of microfabricated solid immersion lenses with 2-µm diameter, operating at λ = 642 nm. The main feature, the spot size reduction, has been investigated by applying a focused Gaussian beam of NA = 0.9. Particular illuminating beams, e.g., Bessel-Gauss beams of the zeroth and the first order, a doughnutshape beam and its decompositions, i.e. two-half-lobes beams, have also been used to influence the shape of the immersed focal spot. Detailed optical characterizations have been conducted by measuring the amplitude and phase distributions with a high-resolution interference microscope (HRIM) in volume around the focal spot. The immersion effect of the SiO 2 solid immersion lens leads to a spot-size reduction of approximately 1.5 which agrees well with theory. Particularly shaped incident beams exhibit a comparable size reduction of the immersed spots. Such structured focal spots are of significant interest in optical trapping, lithography, and optical data storage systems.
INTRODUCTION
For the ideal lens, a focus can be defined by marginal rays with a half angle θ as shown in Fig. 1(a) . The mechanism of focusing by lenses is the refraction of light. The measure of performance of a lens is the numerical aperture 1 (NA) and is defined as
where θ is the angle the ray makes with the optical axis (half the value of the angle of the focusing cone), and n is the refractive index of the medium through which the rays pass. If we insert a high refractive index medium with a planar surface in order to increase the NA by factor of n as illustrated in Fig. 1(b) , a refraction effect reduces the focusing angle θ by the law of refraction (Snell's Law) 
where θ 1 and θ 2 are incident and refraction angles and n 1 and n 2 are refractive indices of incident and refraction media, respectively. The NA is therefore sustained as before. However, aberrations due to the form of the lens degrade the quality of the focus. It was R. Hooke who first discussed the immersion technique to overcome such effects and to improve the imaging performance in microscopy in 1678 3 . Although the concept of homogeneous immersion had preceded Abbe's pioneering works, he constructed the first oil-immersion lens when setting up the imaging theory of microscopy 4 . In a homogeneous immersion concept, oil serves as a perfect index matching medium for the cover glass, so that complete homogeneity is obtained as shown in Fig. 1(c) . Finally, the numerical aperture is increased by a factor equal to the refractive index n and calculated by Eq. (1). In 1990, Mansfield et al. suggested a new immersion concept illustrated in Fig. 1(d) , which he named solid immersion lens (SIL) 5 . Figure 1(d) shows that focusing on the center of the hemispherical solid leads to normal incidence with respect to the spherical interface. Therefore, there is no additional refraction at the interface between air and a solid medium. The immersion leads to an increase of the NA by a factor of n (the refractive index of the solid medium). For a long time the fabrication of SILs was limited to macro-size, i.e. millimeter range dimensions, due to the lack of advanced fabrication technologies. The advance of micro-and nano-technology boosts the developments of different types of solid immersion lenses, for instance, diffractive SILs 6 , micro-size SILs 7, 8 , nano-size SIL-like elements 9, 10 , and subwavelengthsize SILs 11 . The reported micro-size SILs in Refs. 7 and 8 are still relatively large (> ~10 µm). When the SILs are large, the fabrication and alignment errors produce substantial aberrations because the amount of aberrations is proportional to the size of the optical elements. Therefore, when the characteristic size of the SIL becomes smaller and falls within the wavelength size, aberrations, especially the spherical aberration, become negligible 11 . In the visible, the size of a few micrometers is a good target value to avoid aberration effects and at the same time to facilitate the fabrication processes. By using conventional micromachining processes, hemispherical µ-SILs of 2-μm diameter and filled with SiO 2 have been fabricated 12 . The optical characterizations of such small objects are not trivial. Furthermore, the verification of the immersion effect requires super-resolution methods like scanning near-field optical microscopy (SNOM) or an equivalent immersion technique in the observation system, for example, using another SIL facing to the target SIL (specimen). In either case, the alignment of the focused beam on the micro-size SIL and the observation system is a very difficult task and 3D optical field measurements as well as investigations of the phase are not straightforward.
The goal of this paper is to report on advanced optical characterizations of such small μ-SILs by using a high-resolution interference microscope. The HRIM facilitates such complex alignments by the in situ monitoring of the illumination beam. The liquid immersion technique, which employs an oil (n oil = n SIL ) for SiO 2 μ-SILs, allows the 3D field measurements of the immersed spots through the μ-SIL. Thanks to the interferometric function of the HRIM, we can investigate not only the amplitude and but also the phase distributions. The transverse phase distribution is utilized to verify the size of the Airy disc rather than the full-width at half maximum (FWHM) spot size. In addition, we report on the feasibility of particular beam shaping of the immersed focal spot by applying Bessel-Gauss beams of the 0 th and the 1 st orders, a doughnut-shape beam and its decompositions as an illumination beam 13 . Strong confinement of such structured focal spots is of significant interest in several applications, for example, optical trapping of relatively small particles, direct laser write (DLW) lithography, and optical data storage systems.
EXPERIMENTAL CONDITIONS

Experimental setup
The high-resolution interference microscope has already been proven as a powerful tool for the 3D characterizations of macro-, micro-, and nano-optical elements [13] [14] [15] [16] [17] [18] and to measure light field features with nanometric precision 19 . The HRIM is a kind of holographic microscopy in a sense of recording interferograms and retrieving information of light fields of interest, especially amplitude and phase distributions. As it relies on interferometry, such as a Mach-Zehnder interferometer and phase shifting interferometry (PSI), we have named our experimental system an interference microscope. In general, interferometric testing systems have been developed for two-dimensional (2D) measurements, for example, surface profiling and wavefront measurements of light fields in a plane of interest 20 . The major difference from other types of interference microscopes is the capability to record real 3D amplitude and phase fields by scanning the sample together with illumination elements along the optical axis (the z-axis in Fig. 2 ).
The HRIM operates in transmission with in-line geometry by employing a Mach-Zehnder interferometer as shown in Fig. 2 . A single mode polarized laser diode (CrystaLaser, 642 nm: DL640-050-3) is employed as light source, which is expanded and collimated by a spatial filtering technique. This illumination plane wave, which is normally incident upon the illumination element, in our case, the NA=0.9 focusing objective, propagates along the positive z-axis and is polarized in the x-direction. In the classical interferometric arrangement a polarizing beam splitter (PBS) divides intensities in a reference and an object arm with adjustable energy ratio. Half wave plates (HWP) and Glan-Taylor (G-T) polarizers are used to adjust the intensities and to optimize the contrast of the interference fringes. In the reference arm, a piezo-electrically driven mirror is mounted to change the optical path length. The phase distribution in a single plane of the wave field is obtained by measuring the interference fringes at different mirror positions and employing the wellknown 5-frame algorithm, which is called Schwider-Hariharan method 21, 22 . Five frames of the intensity pattern, from which the 2D phase information can be directly retrieved, are recorded with each frame being shifted by adding an optical path of λ/4 or 0.5π. The sample and the illumination element are mounted on a precision piezo stage with a z-scan range of 500 μm and a nominal accuracy of 1 nm (MAD LAB CITY, NANO Z500). This z-axis piezo stage is used to precisely define the plane of interest at the highest resolution and measure 3D light fields through the μ-SIL by scanning the SIL and the focusing lens along the axial direction, as shown in Fig. 2 . Figure 2 . Schematic of the experimental setup of the high-resolution interference microscope, when the μ-SIL and an NA0.9 focusing lens are inserted on the sample stage (z-axis piezo actuator). In the reference arm the piezo driven mirror modulates the optical path with 5 steps of λ/4 which leads to the 5-step phase shifting interferometry (PSI). In the object arm, a plane wave emerges to the focusing lens at normal incidence. Scanning the μ-SIL together with the focusing lens allows the 3D amplitude and phase measurements. In the object arm, additional elements to manage the wavefront and polarization can be used to manipulate the incident illumination. They are placed either in to the position of Squares 1 or 2. The details of such illumination elements will be discussed in Section 2.2.
Illumination engineering
Under standard measurement conditions, an expanded collimated beam which resembles a plane wave with linear polarization parallel to the x-axis illuminates the focusing lens as depicted in Fig. 2 . By introducing additional illumination components, we generate particular illumination beams, such as Bessel Gauss beams, a doughnut-shape beam and two-half-lobes beams. For example, when the central part of a plane-wave illumination is blocked by an annular aperture, which is inserted in square 1 of Fig. 2 , the amplitude distribution in the focal plane resembles a zerothorder Bessel function of the first kind in radial direction within finite extensions 23, 24 . The focusing causes a Gaussian apodization in the amplitude distribution that can be represented as a product of a Bessel function and a Gaussian profile. This type of experimental Bessel beams are known as Bessel-Gauss beams 25 or a focused Bessel beams. Unlike a diffraction-free beam 26, 27 , such beam carries a finite power and transverse and longitudinal extensions due to the fast decrease of the Gaussian profile. Figure 3(a) shows the generated 0 th order Bessel-Gauss beam by an NA=0.9 focusing lens with an annular illumination 13 . A radial/azimuthal polarization converter, which is placed in Square 2 of Fig. 2 , shifts the incident linear polarization to the radial or azimuthal polarization 28 . Such cylindrically symmetric polarization incidences lead to the doughnut-mode beams, i.e. Laguerre-Gaussian (LG) mode beams 29 , when they are focused by a lens. Focusing LG beams by a lens with an annular slit 30 or by an axicon lens 31 are well-known methods to produce higher order Bessel beams. In this work, we focus the annular beam, which leads to the Bessel-Gauss beam, of the azimuthal polarization in order to generate the 1 st order Bessel-Gauss beam, in other words, azimuthal Bessel-Gauss beam 32 . The generated 1 st order Bessel-Gauss beam is shown in Fig. 3(b) . When the azimuthal polarization incidence is focused by an NA=0.9 objective lens, the doughnut-shape beam is formed [see Fig. 3(c) ]. Such a doughnut beam can be decomposed by a linear polarizer, and the results are shown in Figs. 3(d) and 3(e) as the two-half-lobes spot. The extinction axis in the transverse plane is parallel to the principal axis of the polarizer. These five particular beams will be applied to the beam shaping of the immersed foal spots in Section 4. 
Geometry of μ-SIL
The conventional micromachining processes, such as, etching and deposition, are applied to fabricate the μ-SILs. The details of the fabrication processes are reported elsewhere 12 . Figure 4 shows the schematic geometry of the fabricated µ-SIL. The hemispherical SIL body (SiO 2 ) of 2-µm diameter is hold by the 200 nm-thick Si 3 N 4 membrane. The main SIL chip is formed in a 550-µm thick 100 silicon (Si) substrate, which is back-side etched to release the spherical surface to air. The µ-SILs are designed in array with various numbers, e.g., 3 x 3, 2 x 2, and 1 x 6, and a single SIL as well. Microscopic photographs of the µ-SILs arranged in 2 x 2 array are shown in Fig 5. Since the thin Si 3 N 4 membrane is transparent for the visible spectrum, we can still see and localize the µ-SILs through the membrane as shown in Fig. 5(b) . In this way, optical characterizations are carried out through this membrane in the HRIM, as illustrated in Fig. 2 . 
FUNDAMENTAL OPTICAL CHARACTERIZATIONS
Fundamental function of the SILs is to reduce the focal spot due the immersion effect, which automatically increases the resolution in the microscopy and lithography applications. In this section we verify the spot-size reduction by applying a highly focused linearly polarized beam on the SIL. Here, we do not use any additional illumination elements like a polarization converter and an annular aperture. The incident plane wave is focused by an NA=0.9 objective lens. Figure  6 shows the focal spots on the bottom of the SIL chip, where the nitride membrane holds the μ-SILs. Further quantitative analysis has been carried out by using measured 3D data as shown in Fig. 7 , which contain quantitative information of the spot size and the peak intensity of each spot. Here, we exemplarily present data for the non-immersed spot of Fig. 6 (a) and the immersed spot of Fig. 6(b) . While the amplitude data show the FWHM spot sizes and the peak intensity, the phase data reveal the Airy disc size, which is isolated by the circular phase singularity line at the focus. The phase measurement demonstrates the reduction of the full spot size, i.e. the Airy disc size.
(a) (b) Figure 7 . The measured 3D amplitude and phase distributions of (a) the non-immersed spot [ Fig. 6(a) ] and (b) the immersed spots [ Fig. 6(b) ]. The upper row shows the x-z distributions and the lower row shows the x-y distributions. While the amplitude data show the FWHM spot sizes and the peak intensity, the phase data reveal the Airy disc size, which is isolated by the circular phase singularity line at the focus.
For statistical analysis, the reference spot [see Fig. 6 (a)] has been measured five times at the same position. The transverse spot sizes are measured to be 502 ± 10 nm along the x-axis and 504 ± 9 nm along the y-axis. The longitudinal spot size and the peak intensity are found to be 3805 ± 39 nm and 115 ± 4 [arb. unit], respectively. The small standard deviation values confirm the repeatability and reliability of the measurement. For the immersed spots, the standard deviation from five measurements exhibits analogous results to that of the non-immersed spot. We highlight the in situ comparison of one single measurement of each SIL from the 3 x 3 array [see Figs. 6(b) -6(h)]. Table 1 shows the spot sizes in the transverse and longitudinal directions and the peak intensity of the immersed spots by each SIL. In this case, the small standard deviation of each value confirms the uniformity of the performance of each SIL in the same chip. When comparing the average transverse size of the non-immersed and the immersed spots, we find the ratio of the transverse spot-size reduction is approximately 1.5 [x-axis: 1.47 and y-axis: 1.4 ]. This agrees with the refractive index of the SiO 2 SIL, which is 1.5 at 642 nm wavelength. Moreover, the reduction of the Airy disc size is also found to be approximately 1.5, as seen in the transverse phase distributions in Fig. 7 . The peak intensity is enhanced approximately 50% by the immersion effect, which is due to stronger spatial confinement of light. We analyze the result by using the power of the Gaussian beam, which can be expressed as
where I is the peak intensity and w is the beam waist 33 . For the case of no absorption and loss [P = constant], the peak intensity value is proportional to the square of the spot size. The spot size reduction of 1.5 theoretically leads to the peak intensity enhancement of 2.25 (=1. 5 2 ). In reality, the peak intensity is enhanced by a factor of 1.87. This indicates there is a transmission loss of 17%, which shows a good agreement with the measured transmission loss of 14%. 
BEAM SHAPING OF THE IMMERSED SPOT
Apart from the focused linearly polarized beam, we apply particularly shaped beams in order to demonstrate beam shaping of an immersed spot. As we have shown in Section 2.2, we can generate the Bessel-Gauss beam of the 0 th order and the 1 st order and the doughnut-shape beam and its decompositions. For reference we use the non-immersed spot and focus the engineered illumination beam on the nitride membrane. Figure 8 Figure 9 shows the results of the illuminations of the doughnut beam and its decompositions. The case of the 0th order Bessel-Gauss beam exhibits the spot size reduction of approximately 1.43, which agrees well with the result of Section 3. The qualitative comparisons in Figs. 8 and 9 demonstrate that the immersed spots are smaller than the nonimmersed spots for all the cases. However, the cases of the 1st order Bessel-Gauss beam, the doughnut beam and the two-half-lobes beams show a spot size reduction ratio smaller than that of the refractive index of the SIL. We guess that the relatively large transverse size of such beams (approximately 1.5 μm) prevents the 2-μm hemispherical SIL body properly accommodating such a large spot. 
CONCLUSIONS
We report on optical characterizations of microfabricated solid immersion lenses (μ-SILs) with 2-µm diameter, at visible wavelength (λ = 642 nm). Since aberrations are not limiting the performance of such small SILs, they are basically more robust to the fabrication and alignment errors. The fundamental characteristic, which is the spot size reduction, has been investigated by applying a focused Gaussian beam of NA = 0.9. For the optical characterizations, the HRIM, which incorporates a 100X/NA1.4 oil immersion objective and a Mach-Zehnder interferometer, is employed to monitor illuminating beams and measure the output spots emerging from the SILs. The 3D amplitude and phase distributions of the focal spots with and without the µ-SILs reveal the information of the FWHM and the full spot (Airy disc) sizes. Analysis of the 3D intensity data provides not only the transverse spot size but also the longitudinal spot size, and moreover the peak intensity enhancement that is caused by a tighter focus. Both the transverse FWHM and full spot sizes are reduced by a factor of 1.5, which agrees well with the refractive index of the SiO2. The enhancement of the peak intensity is theoretically proportional to the square of the spot size reduction ratio when there are no loss and absorption. The peak intensity is 50% increased, which is 1.87 times larger than that of the non-immersed spot. Moreover, we found there is approximately 17% transmission loss through the μ-SIL, which is small enough to be negligible in the applications.
Particular illuminating beams have also been applied for the beam-shaping of the immersed spots. First, the BesselGauss beams of the zeroth order and the first order are generated by focusing the annular illumination beams of a linear polarization and an azimuthal polarization. Second, a focused beam with an azimuthal polarization leads to a doughnutshape hollow focus. By decomposing such a doughnut beam with a linear polarizer, two-half-lobes beams are produced. The immersion effect of the μ-SIL reduces such beams of particular shapes. The shape of the spot is maintained but the size is reduced due to the corresponding immersion effect. Such particularly structured beams are of significant interest for various applications. For example, the hollow beams are useful for the optical trapping of specific specimens that might be repelled and pushed away from the regions of maximum intensity 34 . Low refractive-index particles, such as air bubbles in liquid, and metallic particles at certain frequencies are typically repelled by the bright spot 35, 36 . Absorbing (i.e. non-transparent) particles in liquids and gaseous medium are also repelled and pushed away from intensity maxima [37] [38] [39] . In addition, a dark trap is more beneficial for some applications than a bright trap for a simple reason: the light may not interact with the trapped object. This is of great advantage while trapping photosensitive materials, such as biological cells, and for trapping neutral atoms [40] [41] [42] . Thanks to the long focal depth, the Bessel beam plays an important role in the bright trap scheme as well 43 . Tighter confinement of the structured beams can be applied to increase the resolution of lithography and optical data storage systems.
